The enthalpy relaxation behavior of Ti 40 Zr 25 Ni 8 Cu 9 Be 18 bulk metallic glass follows the general characteristics of that for amorphous materials although its unique quenched-in nuclei/amorphous matrix structure: the annealing time dependence of recovery enthalpy follows a stretched exponential function with the mean relaxation time obeying an Arrhenius law, which may be due to the longer incubation time for crystallization τ inc than the relaxation time τ leading to the enthalpy relaxation Two parameters, β g and τ g , representing the stretching exponent and the mean structural relaxation time at the calorimetric glass transition temperature, respectively, are correlated with glass forming ability and thermal stability, respectively. The high value of β g for Ti 40 Zr 25 Ni 8 Cu 9 Be 18 BMG that is much higher than 0.84 and approaches unity reveals its good glass forming ability; however, its low value of τ g indicates a worse thermal stability compared with typical BMGs.
Introduction
Since a glass can be described as an undercooled melt, such glassy structure is thermodynamically metastable compared with the ideal glassy state and tends to undergo structural rearrangement to reach the ideal glassy state (structural relaxation) [1, 2] or transform to an equilibrium crystalline structure through a series of continuous transformations once the external energies are supplied either thermally by heat treatments or mechanically by application of external stresses, leading to continuous changes in physical, chemical and mechanical properties.
Ti-based bulk metallic glasses (BMGs), as promising lightweight structural materials, have attracted more and more attention during recent years [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Ti 40 Zr 25 Ni 8 Cu 9 Be 18 BMG, as one of the best Ti-based BMGs known today, was found to exhibit a good combination of glass forming ability (GFA, the maximum diameter could be 8 mm) and mechanical properties (high compressive strength and large compressive plastic strain) [9, 13, 14] , which could be a potential structural material. Our recent study has investigated its crystallization behavior, and found its unique quenched-in nuclei/amorphous matrix structure [14, 15] , suggesting that this alloy is a marginal BMG. Actually such marginal glassy alloys exist extensively and are complex with respect to typical fully glassy alloys, accordingly may lead to the different thermally induced transformation behaviors for their different structural nature and the microstructure sensitivity to thermal activation. However, so far there is no detailed investigation on structural relaxation of such complex marginal BMGs. 
Experiment
The ingots of master alloy with nominal composition of Ti 40 Zr 25 Ni 8 Cu 9 Be 18 (at.%) were prepared by melting elements of 99.8 to 99.999 wt.% purity with high frequency electromagnetic induction in a water-cooled copper crucible under a high purity argon atmosphere. The ingot alloys were remelted at high temperature several times to ensure the compositional homogeneity. Cylindrical samples with 2 mm in diameter and 40 mm in length were prepared by injection casting into a water-cooled copper mould via an electromagnetic levitation-melt state under a high purity argon atmosphere before casting to obtain a completely melted state. Alloy's oxygen content was measured <400 ppm.
The glass transition temperature (T g ) and the onset crystallization temperature (T x1 ) were determined to be 313 and 372 o C, respectively, by differential scanning calorimetry (DSC, Netzsch DSC 404s) measurement at a heating rate of 20 K/min in a flowing argon atmosphere. The microstructure was observed by high-resolution transmission electron microscopy (HRTEM, JEM-3010).
Structural relaxation was investigated through measuring the relaxation of the frozen-in enthalpy towards the equilibrium state as a function of time at a certain constant temperature by using DSC. The enthalpy reduction during an isothermal relaxation below the calorimetric glass transition is recovered as an "overshooting" at the glass transition during a subsequence DSC run. The detailed temperature program can be summarized as followed: to erase the thermal history of metallic glasses, each sample was heated from room temperature to a certain temperature (about 20 °C above T g ) at a heating rate of 20 K/min, and then immediately cooled down to room temperature at a cooling rate of 50 K/min, then heated the sample to the isothermal annealing temperature T (273, 283, 293 and 303 °C) at a heating rate of 30 K/min and annealed for different period of time t (5 min-6 h). After each isothermal annealing, the sample was heated up to high temperature to complete the crystallization (600 °C) at a heating rate of 20 K/min and then immediately cooled down to room temperature at a heating rate of 50 K/min for the following calculation of recovery enthalpy. Finally, this heating and cooling cycle was repeated using the same procedure as before for baseline correction. The relaxation recovery enthalpy (ΔH T (t)) was determined by measuring the overshoot endothermic enthalpy around T g of an annealed
sample with respect to the as-cast sample. It is well known that the time dependence of ΔH T (t) at a given temperature of amorphous materials generally can be fitted by a stretched exponential relaxation function [16] [17] [18] ]} )
Results
where τ is the mean structural relaxation time,
eq T H Δ is the equilibrium value of ΔH T (t) for t→∞ at the annealing temperature T, β is the stretching exponent whose value is between zero and unity 0<β≤1, reflecting the width of relaxation time distribution spectrum originating from the inhomogeneity of the supercooled liquid. The value of β=1 corresponds to a single relaxation time with exponential behavior.
The smaller the value of β, the more the distribution of atomic motions deviates from a single exponential behavior. So, if the relaxation time distribution becomes broader, the value of β will be reduced, and the enthalpy recovery curve will be spread out over a wider temperature range. Obviously, In the literature, Vogel-Fulcher-Tammann (VFT) equation is used to describe the non-Arrhenius behavior of the mean relaxation time τ [21] ) exp(
where τ 0 is the pre-exponential factor related to relaxation time constant, D * is the fragility parameter and T 0 is the VFT temperature at which barriers with respect to flow would go to infinity and is believed to correspond to the theoretical Kauzmann temperature T k . In most enthalpy relaxation studies, T 0 in VFT equation is assumed to be 0 and accordingly the mean relaxation time τ for the enthalpy relaxation is assumed to follow an Arrhenius behavior [21] ) exp( τ is the pre-exponential factor, R is the ideal gas constant, E a is the apparent activation energy [18, 20] . It is found that the experimental annealing temperature dependence of the mean relaxation 
Discussion
Although the unique quenched-in nuclei/amorphous matrix structure, surprisingly, its enthalpy relaxation behavior follows the general characteristics of amorphous materials without being disturbed (at least not obviously) by the crystallization of quenched-in nuclei: the annealing time dependence of recovery enthalpy ΔH T (t) follows a stretched exponential function with the mean relaxation time obeying an Arrhenius law. In order to confirm such phenomenon, we performed low temperature isothermal annealing on the as-cast Ti 40 Zr 25 Ni 8 Cu 9 Be 18 BMG at 293 °C for various times from 15 min to 6 h to observe its microstructure evolution. It is found that no crystals are formed until the sample is annealed for 6 h, as shown in Fig. 3 , suggesting that the crystallization of quenched-in nuclei will not significantly disturb its structural relaxation behavior. The characteristic parameters, stretching exponent β and mean structural relaxation τ derived from the stretched exponential relaxation function, are essential for the analysis of enthalpy relaxation, which are believed to be correlated with the GFA and thermal stability of metallic glasses, respectively.
However, their characteristic of temperature dependence brings about difficulties for constructing the correlation between stretching exponent β and GFA, and correlation between mean structural relaxation τ and thermal stability. In this study, two parameters, β g and τ g , representing the stretching exponent and the mean structural relaxation time at the calorimetric glass transition temperature, respectively, were proposed to be the indicators of enthalpy relaxation properties.
The relation between β g and GFA of metallic glasses was constructed through fragility index m as a chain, since the stretching exponent β has a correlation with the fragility index m which is an indicator of the fragility of supercooled liquid and the strong liquid (with small fragility index) is generally correlated with the good GFA. It is known that most of the bulk metallic glasses show strong liquid behavior and generally have a fragility index of less than 50 [19, 22, 23] . And a reduced m=42/β relation can be derived from a relation between the fragility index m and stretching exponent β based on the defect diffusion model proposed by Bendler et al. [24] , this expression has been confirmed to be suitable for describing the m-β relation for polymeric, alcoholic and metallic glasses. Accordingly, the value of stretching exponent β for the metallic glasses who exhibit a good GFA empirically should be larger than 0.84. Fig. 4 shows the stretching exponent β as a function of annealing temperature T for 
Conclusions
Enthalpy relaxation from the amorphous state into the supercooled liquid state was investigated on the Ti 40 Zr 25 Ni 8 Cu 9 Be 18 bulk metallic glass below the calorimetric glass transition. The enthalpy relaxation behavior of this alloy follows the general characteristics of enthalpy relaxation for glasses although its unique quenched-in nuclei/amorphous matrix structure: a stretched exponential function with the relaxation time obeying an Arrhenius law, which is due to the incubation time for crystallization τ inc is longer than the relaxation time τ and the enthalpy relaxation is almost not disturbed by the crystallization of quenched-in nuclei. Two parameters, β g and τ g , representing the stretching exponent and the mean structural relaxation time at the calorimetric glass transition temperature, respectively, were proposed to correlate with GFA and thermal stability, respectively. The high value of β g that is much higher than 0.84 and approaches unity for Ti 40 Zr 25 Ni 8 Cu 9 Be 18 BMG confirms its good GFA as typical Zr-based BMGs; however, its low value of τ g (105 s) indicates a worse thermal stability compared with typical BMGs.
